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Bacterial infection induces inflammasome activation and release of interleukin-1 (IL-1) cytokines. Bronner
et al. (2015) show that during Brucella abortus infection, an endoplasmic reticulum stress sensor, IRE1a,
initiates NLRP3- and caspase-2-mediated mitochondrial damage that potentiates NLRP3 inflammasome
assembly.A key pathway that enables the immune
system to distinguish between virulent
and non-virulent bacteria and mount an
inflammatory response against the former
employs the multi-protein cytosolic com-
plexes termed ‘‘inflammasomes.’’ These
complexes assemble in response to in-
fection to activate the host protease
caspase-1, leading to processing and
secretion of interleukin-1 (IL-1) and other
cytokines that regulate inflammatory re-
sponses (Lamkanfi and Dixit, 2014).
In particular, the nucleotide-binding
domain and leucine-rich repeat-containing
(NLR) family, pyrin domain-containing 3
(NLRP3) inflammasome senses directly or
indirectly a diverse variety of host and mi-
crobial products.
A common theme in the activation of
the NLRP3 inflammasome is the involve-
ment of mitochondrial reactive oxygen
species (ROS) and mitochondrial dys-
function (reviewed in Lamkanfi and Dixit,
2014). The phospholipid cardiolipin forms
docking sites in the outer mitochondrial
membrane for direct NLRP3 binding and
is required for its subsequent activation
(Lamkanfi and Dixit, 2014). Furthermore,
oxidized mitochondrial DNA released
into the cytosol can also bind and activate
the NLRP3 inflammasome (Lamkanfi and
Dixit, 2014). Thus, it has been thought
that mitochondrial damage precedes
NLRP3 activation.
In addition to inflammasome activation,
it has recently been appreciated that
bacterial infection also activates the en-
doplasmic reticulum (ER) stress response
called the unfolded protein response
(UPR; reviewed in Janssens et al., 2014).
The UPR generally senses changes inthe environment of the ER, employing
one or more of the ER membrane-span-
ning proteins, inositol-requiring enzyme
1a (IRE1a), protein kinase R-like ER kinase
(PERK) and activating transcription factor
6 (ATF6). Each of these can initiate a
different signaling cascade that culmi-
nates in far-reaching changes of nuclear
transcription, protein translation, and lipid
metabolism (Figure 1). The activation of
the UPR makes particular sense in the
case of the intracellular pathogen Brucella
abortus, that employs the ER machinery
to create its own replication niche and in
this manner induces ER stress (Celli and
Tsolis, 2015).
Whether activation of UPR and activa-
tion of the NLRP3 inflammasome during
Brucella infection are mechanistically
linked, and whether they are sequential
or parallel processes during inflammation
has so far been poorly understood. The
work of Bronner et al. in this issue of
Immunity provides important molecular
insights linking the UPR and mitochon-
drial stress. Three aspects of this work
are novel (Figure 1): (1) NLRP3 is up-
stream of mitochondrial damage, rather
than only being activated by damaged
mitochondria; (2) caspase-2 and Bid
form an activation cascade prior to the
activation of caspase-1 by the NLRP3 in-
flammasome, an aspect that had been
underappreciated thus far; (3) Brucella
infection-induced ER stress is selective
and induces cross-talk between the ER
and mitochondria, using some previously
described protein interactions.
Together with published work, the
emerging picture is that NLRP3 acts
both upstream and downstream of mito-Immunity 43, Sechondrial damage, using distinct cofac-
tors and perhaps different assembly
states of NLRP3 (Figure 1). One initiating
event during Brucella infection is selective
activation of the UPR sensor IRE1a (Celli
and Tsolis, 2015), which upregulates
expression of the thioredoxin interacting
protein TXNIP. As has previously been
shown, TXNIP induces mitochondrial
ROS, as well as recruitment of NLRP3 to
mitochondria (reviewed by (Lamkanfi
and Dixit, 2014)), and Bronner et al. now
show that the mitochondria-associated
NLRP3 activates caspase-2, rather than
caspase-1. This interaction, upstream of
mitochondrial damage, activates the
BH3-only protein Bid, leading in turn to
mitochondrial membrane damage and
release of mitochondrial DNA. As the au-
thors point out, the activation of cas-
pase-2 and Bid differentiates the ER
stress-mediated activation from other
modes of inflammasome formation (e.g.,
LPS plus ATP). The downstream result is
induction of canonical NLRP3 inflamma-
some formation and caspase-1 activa-
tion. The two stages of the loop that
involve NLRP3 are distinct, because
ASC and caspase-1 are not required up-
stream of mitochondrial damage.
A robust immune response to Brucella
has been previously linked to the UPR.
Brucella replicates in ER-derived vesicles
whose formation requires a bacterial type
IV secretion system (T4SS) that translo-
cates bacterial effector proteins into the
host cell (Celli and Tsolis, 2015). Several
translocated T4SS effectors interact with
the ER and induce IRE1a activation, a pro-
cess that enhances cytokine production
and is also required forBrucella replicationptember 15, 2015 ª2015 Elsevier Inc. 409
Figure 1. Scheme of the Cross-Talk between the ER and Mitochondria that Leads to NLRP3
Inflammasome Activation
Infection of cells with Brucella abortus provokes ER stress even when the bacteria are mainly in the endo-
somal-phagosomal compartment. The ER stress sensor IRE1a is activated by inflammatory ligands in the
lumen of the ER, or alternatively by TLR signaling from the endosomal membrane or the plasma mem-
brane. IRE1a is activated and uses its RNase activity to upregulate TXNIP amounts perhaps in cooperation
with signals emanating from the PERK sensor. Consequently, TXNIP andNLRP3 (in its unassembled state)
are recruited to the mitochondria where they engage mitochondrial ROS and cardiolipin. The bound
NLRP3 then activates caspase-2 and subsequent processing of the BH3-only protein BID into truncated
BID (tBID), which induces pore formation in the mitochondrial membrane. DNA released from the
damaged mitochondria (mtDNA) binds to cytosolic NLRP3 and initiates assembly of inflammasomes con-
taining ASC and caspase-1, leading to IL-1 family cytokine secretion and pyroptosis.
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Previews(Celli and Tsolis, 2015). The new data on
selective activation of the IRE1 pathway
of UPR dovetails with previous data that
IRE1a is important for NLRP3 inflamma-
some activation. While it remains to be
determined whether NLRP3 is recruited
to mitochondria together with TXNIP, the
dependence on IRE1a and TXNIP clarifies
how the UPR regulates NLRP3 inflamma-
some assembly (Menu et al., 2012). More-
over, it suggests that infection-induced
UPR does work via one of the known
UPR pathways and not by a non-defined
alternative signaling pathway.
In the current study, Bronner et al. chose
to use the attenuated Brucella abortus
RB51 vaccine strain. RB51 is able to infect
macrophages and robustly induce ER410 Immunity 43, September 15, 2015 ª2015stress and stimulate an immune response,
but unable to replicate within macro-
phages, thus avoiding the confounding ef-
fects of bacterial replication.One aspect of
their study that is still unclear is how IRE1a
is activated by RB51, as RB51 apparently
trafficks to endosome-like compartments
rather than the ER (Arellano-Reynoso
et al., 2004). Whether RB51-mediated
IRE1a activation involves T4SS effectors,
as was shown for the virulent Brucella
parent strain (Celli and Tsolis, 2015), is still
to be determined. It is also possible that
IRE1a can be activated when inflamma-
some ligands are conveyed from the
cytoplasm to the ER lumen. A third possi-
bility is a pathway of IRE1a activation
through sensing of RB51 by Toll-like re-Elsevier Inc.ceptor signaling, components of which
have been previously shown to activate
IRE1a (reviewed in Janssens et al., 2014)
(Figure 1). Unlike virulent Brucella, RB51
expresses lipopolysaccharide that lacks
the O-antigen polysaccharide portion,
and thus might engage TLR signaling
differently than virulent strains. In addition,
it is unclear how NLRP3 association with
the mitochondria leads to caspase-2 acti-
vation. Furthermore, it would be of interest
to know whether the immunogenicity of
the RB51 vaccine strain is linked to its abil-
ity to trigger IRE1a signaling and subse-
quent inflammasome activation.
A connection between IRE1a activity
and inflammasomes, and in fact via
TXNIP, had already been recognized by
Lerner et al. (Lerner et al., 2012) and
Oslowski et al., (Oslowski et al., 2012),
who showed that in pancreatic islet cells,
TXNIP transcripts are stabilized by the ac-
tivity of IRE1a, which cleaves the destabil-
izer microRNAmiR17 (Lerner et al., 2012),
as well as by the PERK mediator, ATF5
(Oslowski et al., 2012). With increased
amounts of TXNIP protein, the antioxidant
function of thioredoxins is dampened,
further increasing ROS, and promoting in
a feed-forward loop NLRP3 inflamma-
some assembly and subsequent cas-
pase-1 activation and IL-1b secretion
(Zhou et al., 2011). The activation of
NLRP3 by IRE1a is an important route
of inflammasome activation, because a
small-molecule IRE1a inhibitor abrogates
secretion of IL-1 (Lerner et al., 2012). The
same pathway is now shown to be impor-
tant in macrophages and under the ‘‘natu-
ral’’ stress of bacterial infection.
In beta cells of the pancreas, induction
of TXNIP occurs independently of XBP1
splicing, but depends on the IRE1a
RNase catalytic site, suggesting that it is
a feature of a distinct RNase activity of
IRE1 termed regulated IRE1-dependent
decay (RIDD) of transcripts. The RIDD
mode was discovered by Hollien and col-
leagues (Hollien and Weissman, 2006)
and shown to impact multiple mRNAs
and microRNAs. It is generally associated
with ‘‘terminal UPR,’’ when IRE1a is hy-
per-activated in ways that promote not
coping with ER stress but rather pro-
grammed cell death (Lerner et al., 2012).
In RB51-infected macrophages, the pres-
ence of TXNIP but not of spliced XBP1
was necessary for inflammasome acti-
vation, suggesting that RB51 infection
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Previewscreates ER stress that mimicks ‘‘terminal’’
and not ‘‘adaptive’’ UPR, activating the
RIDD mode of IRE1a. Because this
mode of activity arises even at low multi-
plicity of infection (Bronner et al., 2015),
yet without activation of cell death path-
ways during virulent Brucella infection
(Celli and Tsolis, 2015), perhaps Brucella
infection changes the quality of the host
cell UPR. What protein interactions un-
derlie such quality changes still remains
to be determined.
The involvement of IRE1a in activating
NLRP3 upstream of the caspase-2 and
Bid cleavages provides a novel functional
connection between the ER and mito-
chondria. Such a functional interaction
is often thought of in terms of mitochon-
drial-associated-membranes (MAMs),
which are areas of contact between the
two organelles. In fact, Zhou et al. showed
that NLRP3 is associated with the ER and
moves tomitochondria (Zhou et al., 2011).
Perhaps the relocation of NLRP3 is amanifestation of the function of MAMs in
either sensing or causing mitochondrial
dysfunction?
While Brucella abortus infection selec-
tively activates the IRE1a pathway of the
UPR, the data of Bronner et al. bring to
mind the possible activation of inflamma-
somes via one of the other UPR sensors.
The PERK pathway of the UPR has
already been invoked through its tran-
scription factor, ATF5 (Oslowski et al.,
2012), which promotes inflammasome
activation by upregulating TXNIP expres-
sion. Because different inflammasomes
are employed in response to distinct stim-
uli, it is likely that infections by virulent
bacteria activate multiple inflammasomes
and by more than one UPR pathway.REFERENCES
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TREX1 regulates innate immune responses by counteracting DNA accumulation in the cytosol. In this issue of
Immunity, Hasan et al. (2015) show that TREX1 also safeguards the cell against free glycan build-up in the
endoplasmic reticulum, thereby preventing glycan-induced inflammation.Nucleic acid sensors of the innate im-
mune system alert to the presence of
pathogens, in particular of viruses. In
response, type I interferon (IFN), the key
antiviral cytokine, as well as other pro-in-
flammatory mediators are secreted,
which in turn induce the transcription of
multiple interferon inducible genes
(ISGs). Due to genetic predisposition,
some individuals are prone to erroneous
or excessive reactivity to their own nucleic
acids, which leads to autoimmune pathol-
ogies characterized by chronic ISG signa-
tures (Crow and Manel, 2015). Recentyears have seen immense progress in un-
raveling nucleic acid receptors and their
signaling pathways, and many of the
gene variants associated with ISG-driven
autoimmune syndromes have been iden-
tified (Crow and Manel, 2015).
In this context, mutations in three prime
repair exonuclease 1 (TREX1) were the
first identified monogenetic cause of se-
vere lupus (Lee-Kirsch et al., 2007) as
well as of the rare autoimmune diseases
Aicardi Goutie`res syndrome and retinal
vasculopathy with cerebral leukodystro-
phy (RVCL) (Richards et al., 2007).TREX1 functions as one of the three
major DNA-degrading nucleases and
has been shown to prevent the build-up
of immune stimulatory DNA in the cytosol
(Stetson et al., 2008), thus acting as a
critical negative regulator of the cGAMP
synthase (cGAS) signaling pathway
(Gray et al., 2015). Therefore, compared
to other monogenetic and complex ge-
netic causes of autoimmune inflamma-
tion, the physiological role of TREX1 and
the mechanisms leading to immune pa-
thology are considered comparably well
understood.ptember 15, 2015 ª2015 Elsevier Inc. 411
